INTRODUCTION
============

Lower respiratory tract infections (LRTIs), comprising pneumonia and bronchiolitis, constitute a major cause of morbidity and mortality in children. In industrialized countries, the incidence of hospital admissions for severe LRTIs was about 20 episodes per 1000 children per year in infants in 2010 compared with around 52 episodes per 1000 children per year in developing countries in the same age group.^[@R1]^ Respiratory syncytial virus (RSV) is by far the most common causative pathogen accounting for an estimated 22% of acute LRTIs in children \<5 years of age. The greatest proportion of RSV-associated disease occurs in the first year of life. Infants suffer 2 to 3 times the incidence observed in children \<5 years old.^[@R2]^

Natural killer (NK) cells and cytotoxic T lymphocytes (CTLs) are crucial for the elimination of cells infected by viruses. The 2 cell types, representing the innate and adaptive immune systems, respectively, employ the secretory granule-dependent pathway to initiate the apoptosis of virus-infected cells. Perforin-1 (*PRF1*) is a unique component of this cytotoxic pathway; it facilitates the delivery of granzymes to target cells through the formation of pores in the cell membrane.^[@R3]^ Two enhancer sites, located 15 and 1 kb upstream of the *PRF1* locus, regulate the transcription of the gene under the control of signal transducer and activator of transcription 5 (STAT5) factors driven by interleukin 2 (IL-2) stimulation.^[@R4]^ The proximal enhancer is likely under the primary control of STAT5. Intact IL-2Rβ/STAT5 signaling leads to *PRF1* expression in NK cells and CTLs and is a requirement for the differentiation of effector CTLs and the maintenance of memory CTLs in response to viral infection.^[@R5]^

DNA methylation of a sequence of cytosine-phosphate-guanines (CpGs) within the proximal enhancer identified as a methylation-sensitive region (MSR) suppresses *PRF1* promoter function while demethylation is associated with increased gene expression.^[@R6]^ It is hypothesized that epigenetic modifications mediate intrinsic developmental and external environmental effects on the genome and influence disease susceptibility.^[@R7]^ A growing body of evidence supports the notion that maternal factors including age, body mass index (BMI),^[@R8]^ diet,^[@R9]^ and smoking^[@R10],[@R11]^ influence DNA methylation patterns in the neonate.

The aim of this study was to investigate cord blood methylation levels at the *PRF1* MSR of infants diagnosed with 2 or more episodes of LRTIs during the first year of life compared with those at the *PRF1* MSR of infants without such episodes after adjustment for potential confounding factors associated with the maternal and neonatal environment.

METHODS
=======

Study Population
----------------

This study was performed on samples drawn from the Ulm Birth Cohort detailed here.^[@R12]^ In brief, mothers who delivered at the Obstetrics and Gynaecology Department of the Ulm University Hospital in Germany between November 2000 and November 2001 and could speak German, Russian, or Turkish were recruited into the study. Exclusion criteria were: mothers who gave birth at less than 32 weeks gestation, had a child with birth weight less than 2500 g, or whose neonates required intensive care. Of 1593 mothers eligible for participation 1066 (1090 neonates) volunteered to take part. Mothers were interviewed at baseline by trained personnel during their hospital stay using standardized questionnaires. Cord blood samples were collected at birth in ethylenediaminetetraacetic acid (EDTA) tubes. Samples were immediately processed to obtain buffy coats and material aliquoted and stored since then at −80°C. Follow-up data were obtained from parents and children\'s physicians via mailed questionnaires at 6 weeks, 6 months, and 1 year postenrolment. The Ulm Birth Cohort study was approved by the University of Ulm Ethics Board and the Physicians' Boards of Baden-Württemberg and Bavaria. Written informed consent was obtained from all participants for data collection and analysis of biological samples. DNA extraction and methylation assays for this study were performed in 2012.

Two case--control subsets (discovery and replication sets) composed of trios of 1 case and 2 healthy controls (target n = 90) were selected from the Ulm Birth Cohort. A case was defined as an infant who developed 2 or more episodes of physician-recorded LRTIs during the first year of life, and a healthy control as an infant who had no physician-recorded LRTIs during the same period. The incidence of LRTIs in the first year of life was established by questionnaires completed by the infants' treating physicians. The definition of LRTIs in this cohort included the diagnoses of pneumonia, bronchitis, pertussis, tracheobronchitis, croup, and bronchiolitis (yes/no categories and if yes, how many episodes). The final discovery set comprised 87 samples, 29 cases and 58 respective controls, while the replication set comprised 90 samples, 30 cases and 60 respective controls. Cases and controls were matched according to the child\'s sex and season of birth (categorized as winter/spring vs summer/autumn). Matching addressed sex differences in methylation patterns^[@R13]^ and the seasonal variation in prevalence of RSV^[@R14]^ and vitamin D status.^[@R15]^

Target Loci
-----------

Cytosine methylation levels in 6 CpGs in the MSR of *PRF1*, located 929 to 577 bp upstream of the transcription start site (TSS),^[@R6]^ and 3 adjoining CpGs were determined by pyrosequencing using 4 assays adapted from Narasimhan et al^[@R16]^ and identified further here as assays C, D, E, and F covering 3, 1, 2, and 3 CpGs, respectively. Figure [1](#F1){ref-type="fig"} illustrates the *PRF1* enhancer region examined, the CpG loci assayed, and putative transcription factor binding sites.

![The perforin gene proximal enhancer, beginning −1411 bp upstream of the transcription start site with locations of assayed cytosine--guanine dinucleotides and transcription factor binding sites. Letters refer to separate pyrosequencing assays (C, D, E, F) with individual cytosine--guanine dinucleotides marked by diamond shapes and numbered (adapted from Narasimhan et al^[@R16]^). The arrow refers to direction of sequence. AP2 = activating protein 2, CpGs = cytosine-phosphate-guanines, CRE = cAMP responsive element, STAT5 = signal transducer and activator of transcription 5.](medi-94-e332-g001){#F1}

DNA Extraction and Bisulfite Conversion
---------------------------------------

Genomic DNA was manually extracted from cord blood buffy coat samples using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer\'s protocol. Quantity and quality of purified DNA were determined with an ND-1000 spectrophotometer. DNA was stored at −20°C before use. In preparation for pyrosequencing, 500 ng of DNA underwent bisulfite conversion using the EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA) according to the manufacturer\'s protocol. Nonmethylated cytosines in this procedure are converted to uracil, which is replaced in subsequent amplification by thymine, while methylated cytosines are preserved as such.

Bisulfite Pyrosequencing
------------------------

Design of the pyrosequencing assays was carried out using the PyroMark Assay Design software version 2.0.1.15 (Qiagen). All primers were obtained from Apara Biosciences GmbH (Denzlingen, Germany). The quantitative performance of each pyrosequencing assay was assessed by measuring methylation standards of known proportions of unmethylated (whole genome amplified) and fully methylated (*Sss-I* treated) genomic DNA and optimized by means of an annealing temperature gradient. Each assay included non-CpG cytosines as internal controls to verify efficient bisulfite conversion. The target fragments within the candidate genes were amplified by polymerase chain reaction (PCR) using the primers detailed in Supplemental Digital Content (Table S1, <http://links.lww.com/MD/A119>). A total of 5 pmol each of the forward and reverse primers, one being biotinylated, was employed to amplify the fragments of interest from an input amount of 0.5 μL bisulfite-converted DNA, 20 ng assuming 80% recovery from bisulfite conversion, in a final reaction volume of 12.5 μL using the PyroMark PCR Kit (Qiagen). PCR conditions were as follows: 95°C for 10 minutes; 50 cycles of 94°C for 30 seconds, annealing for 30 seconds, 72°C for 30 seconds; and a final extension step at 72°C for 10 minutes.

PCR products were rendered single stranded according to established protocol.^[@R17]^ A total of 3 pmol of the sequencing primers in Supplemental Digital Content (Table S1, <http://links.lww.com/MD/A119>) was used in each case to carry out pyrosequencing of the amplified fragments on the PyroMark Q96 MD apparatus (Qiagen). The percentage methylation at each CpG was calculated using the PyroMark CpG software version 1.0.11 build 14 (Qiagen). Matched cases and controls were assayed in the same batch. All samples were assayed in duplicates and the mean value of the 2 measurements calculated and used for statistical analyses.

Statistical Analysis
--------------------

Univariate analyses were conducted on each candidate gene locus to assess methylation results for normality and identify potential outliers. Methylation measurements greater than 3 standard deviations from the mean were considered as potential outliers. In order to identify potential confounders that were not accounted for by matching, Kruskal--Wallis tests were used to determine if associations existed between both individual demographic or a priori--determined LRTI risk factors and methylation levels. Potential confounders considered included gestational age (\<37 or ≥37 weeks), delivery mode (vaginal or cesarean section), birth weight (continuous), mother\'s country of birth (Germany or other), maternal age (in years), maternal education (primary school or greater than or equal to secondary education), maternal smoking during the child\'s first year (yes or no), breast-feeding duration (categorized as \<3, \>3 to ≤6, \>6 to ≤9, and \>9 months), and whether or not the child had a sibling \<5 years of age (yes or no). Sibling status was associated with both the primary exposure and outcome in the discovery set and entered into the model for adjustment. Bivariate and adjusted conditional logistic regression models were used to calculate the odds ratio (OR) per 1% difference in methylation, 95% confidence interval (CI), and *P* for the association with case status at each candidate gene locus. In order to determine the effect of potential outliers on the results, a second bivariate analysis was performed restricted to trios (case and 2 matched controls) containing no outlier values. All statistical analyses were performed using SAS 9.3 for Windows (SAS Institute, Cary, NC).

RESULTS
=======

Population Characteristics
--------------------------

Demographic characteristics of the discovery set (n = 87) are detailed in Table [1](#T1){ref-type="table"} according to case--control status. The discovery set comprised slightly more male children (58.6%) and most were born between November and April (62.1%). The majority were delivered vaginally (83.9%) to mothers of a median age of 32.8 years with 11 or more years of formal education (73.3%). None of the factors analyzed differed significantly between cases and controls in the discovery set apart from having siblings younger than 5 years of age. Sixty-two percent of cases had a sibling \<5 years old compared with only 31% of controls (*P* = 0.01).

###### 

Demographic and Clinical Characteristics of the Ulm Birth Cohort Lower Respiratory Tract Infection Discovery Set According to Case--Control Status^∗^
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The majority of newborns in the replication set (n = 90) were also male (56.7%) and born between November and April (56.7%). Further characteristics of the replication set are presented in Table [2](#T2){ref-type="table"}. Most were delivered vaginally (82.2%) to mothers at a median age of 31.5 years with an intermediate education or above (71.6%). There was no association between case status and having a sibling \<5 years old in the replication set. 56.7% of cases had a sibling \<5 years old compared with 41.7% of controls. However, cases had a higher proportion of children with a gestation period \<37 weeks compared with controls (*P* = 0.04).

###### 

Demographic and Clinical Characteristics of the Ulm Birth Cohort Lower Respiratory Tract Infection Replication Set According to Case--Control Status^∗^
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Differential Methylation of the *PRF1* Enhancer MSR
---------------------------------------------------

The methylation levels observed in cases and controls of the discovery set across the CpGs assayed in the MSR of the *PRF1* enhancer are plotted in Figure [2](#F2){ref-type="fig"} as means with 95% CIs. Assessment of normality revealed an outlier control sample in the discovery set. The matched case--control trio containing the outlier sample was excluded from the final analysis. When analyzed by case--control status methylation levels at the first CpG of the E fragment (E1) were higher in cases. Cases showed a mean methylation level of 82.5% (95% CI 81.3--83.7) at the *PRF1* E1 locus compared with 80.3% (95% CI 79.1--81.5) in controls (*P* = 0.02). Bivariate conditional logistic regression demonstrated an OR of 1.24 for each 1% increase in methylation in association with case status in an unadjusted model (95% CI 1.03--1.50, *P* = 0.02).

![DNA methylation levels in 9 cytosine--guanine dinucleotides of the perforin gene proximal enhancer methylation-sensitive region in the lower respiratory tract infections discovery case--control set nested in the Ulm Birth Cohort (n = 87). Letters C, D, E, and F denote separate pyrosequencing assays and numbers the order of the cytosine--guanine dinucleotides examined. Methylation levels are plotted as means and 95% confidence intervals. ^∗^*P* = 0.02. CpG = cytosine-phosphate-guanine.](medi-94-e332-g004){#F2}

Analysis of methylation levels against demographic variables and exposures revealed that children with a sibling \<5 years of age had higher levels of methylation at the loci C2 and E1 in cord blood compared with children who had none (*P* = 0.01). Neonates of mothers reporting less than 11 years of formal education had higher levels of methylation at the loci F1 and F3 compared with children whose mothers enjoyed a greater education (*P = *0.05 and 0.02).

Children born to smoking mothers as established through measurements of cord blood cotinine showed elevated methylation levels at the locus F3 (*P* = 0.05). Cord blood vitamin D levels were inversely associated with methylation levels at the loci F1 and F2 (*P* = 0.05 and 0.03). Interestingly, a significant inverse correlation between maternal age and methylation levels was observed at the CpGs C1, C2, and F2 (Spearman coefficients −0.23, −0.23, −0.30, respectively; all *P* ≤ 0.05).

Results of the association analysis between DNA methylation levels at individual CpGs of the *PRF1* enhancer MSR and the variables explored in the discovery set are presented in Supplemental Digital Content (Table S2, <http://links.lww.com/MD/A119>). Having a sibling aged \<5 years was associated with both primary exposure and outcome and therefore considered for adjustment. Differential methylation at *PRF1* E1 did not reach statistical significance after adjustment for sibling status (OR 1.19, 95% CI 0.98--1.45, *P* = 0.07).

To ensure the validity of the findings, DNA methylation levels of the 2 CpGs of the E fragment in the *PRF1* enhancer were assayed in a replication set comprising 30 matched trios, 30 cases and 60 controls, drawn from the same Ulm Birth Cohort. Assessment of normality revealed 2 outlier controls who were subsequently excluded together with matching samples from the final analysis. Mean cord blood DNA methylation at *PRF1* E1 was 82.6% (95% CI 81.5--83.8) in cases compared with 79.5% (95% CI 77.7--81.3) in controls (*P* = 0.02).

Bivariate conditional logistic regression confirmed the association between higher methylation and case status at the locus *PRF1* E1 in the unadjusted model (OR 1.25, 95% CI 1.04--1.50, *P* = 0.02) and after adjustment for sibling status (OR 1.21, 95% CI 1.00--1.46, *P* = 0.05). Adjustment for gestational age (instead of siblings \<5 years of age) resulted in an OR of 1.25 (95% CI 1.04--1.50, *P* = 0.02), equal to the unadjusted model.

Table [3](#T3){ref-type="table"} summarizes the results of the logistic regression analysis of the cord blood DNA methylation levels at *PRF1* E1 according to case status in both LRTI discovery and replication sets of the Ulm Birth Cohort.

###### 

Conditional Logistic Regression of DNA Methylation Levels at the Cytosine--Guanine Dinucleotide E1 of the Perforin Gene Enhancer Methylation-Sensitive Region in the Lower Respiratory Tract Infection Discovery and Replication Sets of the Ulm Birth Cohort by Case Status: Adjusted and Unadjusted Models
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DISCUSSION
==========

In this study, we investigated cord blood DNA methylation in an enhancer region of *PRF1* in relation to frequency of physician-recorded LRTIs during the first year of life using a prospective case--control design of matched trios, each composed of 1 case and 2 controls, through 2 phases, a discovery and a replication phase. Our results support an association between higher DNA methylation at a CpG in the MSR of the *PRF1* proximal enhancer and increased risk of LRTIs during the first year of life. Matching for season of birth controlled for the seasonal variation in RSV prevalence and vitamin D status, both important determinants of risk.^[@R18],[@R19]^

*PRF1* methylation was assayed in blood, a composite tissue of different cell types, each with a distinctive DNA methylation signature.^[@R20]^ Accordingly, the DNA methylation alterations identified might reflect a shift in cellular composition between cases and controls^[@R21]^ since measurements were performed on DNA derived from the entire leucocyte compartment of cord blood and not specific cell populations. This limitation however does not compromise the relevance of the findings when considering methylation changes as markers of disease susceptibility. Liang and Cookson argued recently that the overall methylation variance in DNA from a heterogeneous tissue such as blood would mask rather than magnify associations in case the variance in a locus arises from a particular cell type,^[@R22]^ in this study CTL and NK cells. Another limitation of the study is the lack of distinction between bacterial and viral causes of LRTIs in the cohort. Additionally, the biomaterial available did not allow for extraction of messenger RNA precluding an investigation of the correlation between methylation variation and expression levels of *PRF1* in the study population.

The variant CpG, identified here as E1, lies within a STAT5 responsive element in the proximal enhancer of the gene. Members of the STAT family play highly specific roles in innate and acquired immunity through their interaction with members of the *Janus* family of protein tyrosine kinases (Janus kinases \[JAKs\]) in what is referred to as the JAK/STAT signaling pathway.^[@R23]^ The molecules STAT5a and STAT5b are encoded by closely linked genes on human chromosome 17, share above 90% homology in amino acid sequence,^[@R24]^ and contribute to normal T-cell activation.^[@R25]^ STAT5a and STAT5b are crucial for NK cell proliferation and cytolysis. Expression of *PRF1* in NK cells and CTLs is under the regulation of STAT5, which in turn is stimulated by IL-2Rβ signaling.^[@R5]^

STAT5b deficiency features a phenotype comprising severe postnatal growth retardation, growth hormone insensitivity, and characteristically an immunodeficiency disorder.^[@R26]^ Immunologically, these patients have moderate lymphopenia with very low numbers of NK and T cells as well as functional defects of T cells, and present a clinical picture of severe pulmonary disease associated with viral infections, compounded by atopy and autoimmune diatheses from as early as the first 6 months of life.^[@R27]^ Methylation of the *PRF1* MSR suppresses expression of the gene in healthy CD8+ T cells while demethylation of the locus is associated with increased gene expression.^[@R6]^ Kaplan et al reported demethylation of the MSR as a contributing factor to *PRF1* overexpression in CD4+ T cells of patients with active systemic lupus erythematosus, cells that normally demonstrate no *PRF1* expression secondary to methylation of the MSR.^[@R28]^

Higher methylation levels at the variant CpG identified here, E1, were associated with having a sibling younger than 5 years and premature birth (less than 37 weeks gestation) in the discovery and replication sets, respectively. Both are established risk factors for RSV infection in infants^[@R29],[@R30]^ and were also associated with the LRTI outcome in this study. Statistical analysis was adjusted accordingly. Higher levels of methylation at adjacent CpGs of the MSR were noted in relation to additional risk factors of RSV disease in infants, namely, lower maternal education, maternal smoking,^[@R29]^ and lower cord blood vitamin D levels.^[@R19]^ These associations suggest a role for DNA methylation in mediating risk of infection, assuming that alterations in DNA methylation reflect the maternal environment as indicated by social and behavioral determinants such as education and smoking. Indeed, a growing body of literature points toward the impact of maternal factors on the epigenome of the newborn, for instance, BMI^[@R8],[@R30]^ and smoking,^[@R10],[@R31],[@R32]^ commensurate with the developmental origins of health and disease hypothesis^[@R33],[@R34]^ whereby DNA methylation links adverse intrauterine events and exposures with disease later in life. A negative correlation was observed at 3 CpGs of the *PRF1* MSR with maternal age. Using a genome-wide approach, Adkins et al established a strong correlation between cord blood DNA methylation and maternal age. The correlations were predominantly negative, in all but 9 of 144 CpGs that achieved genome-wide significance, and involved disproportionately CpGs within CpG islands. The authors argued that the observed shift represented an accentuation of a normal pattern of decreased DNA methylation at promoter regions.^[@R35]^

To overcome the limitations of the current study future investigations should consider analysis of individual cell types when feasible or account for the heterogeneous cellular composition of blood based on knowledge of distinct cell-specific methylation patterns using recently developed methods.^[@R36],[@R37]^ Moreover, detailed knowledge of clinical and epidemiological covariates, including causative respiratory pathogens, disease severity, family history, immunization, and nutritional status, as well as other exposures emanating from a rural or an urban environment, is necessary to expand on confounding analysis and probe the multitude of potential effects on the epigenome.

*PRF1* overexpression in T lymphocyte subsets has been suggested as a contributing mechanism in the pathogenesis of asthma.^[@R38]^ Likewise, increased expression of *PRF1* and granzyme B in invariant NK cells marking heightened cytotoxicity has been identified in allergic asthma patients.^[@R39]^ Considering the evidence in support of an association between respiratory tract infections in infancy and childhood asthma^[@R40]--[@R44]^ it is worth speculating whether alterations in the DNA methylation patterns of *PRF1* under the influence of maternal and environmental factors and in response to respiratory infections play a role in the genesis of asthma or atopic lung disease. Furthermore, appropriately powered studies could help investigate whether *PRF1* methylation could be utilized as a predictive marker of severe infant respiratory infections and their sequelae.

Here, we presented preliminary evidence supporting an association between alterations in DNA methylation at functional CpGs of the *PRF1* MSR and subsequent risk of a common infection in a longitudinal pediatric cohort. The study derives its strength from its prospective 2-stage design and the available covariates for analysis but has the drawbacks of a limited sample size, cellular heterogeneity of the sample, and potential confounding. However, the findings remain valid when considering the DNA methylome as a proxy for the environment and variant patterns as avenues for potential effects on the genome. To comprehensively capture these effects, longitudinal epigenome-wide DNA methylation studies investigating the impact of the maternal environment on the neonatal epigenome and infectious outcomes in the growing child are needed.

Abbreviations: BMI = body mass index, CI = confidence interval, CpG = cytosine-phosphate-guanine, CTL = cytotoxic T lymphocyte, EDTA = ethylenediaminetetraacetic acid, IL = interleukin, JAK = Janus kinase, LRTI = lower respiratory tract infection, MSR = methylation-sensitive region, NK cell = natural killer cell, OR = odds ratio, PCR = polymerase chain reaction, *PRF1* = perforin-1, RSV = respiratory syncytial virus, STAT = signal transducer and activator of transcription, TSS = transcription start site.
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